In this paper, two experimental approaches were used to quantify the Mode II fracture toughness of stitched composites. In the End Notched Flexure (ENF) test, which is the traditional Mode II test, the delamination does not open, but slides. This makes it difficult to locate the crack-tip as the crack propagates and hence to estimate the length of crack propagation. This uncertainty introduces significant errors in the estimated value of Mode II fracture toughness, especially of stitched composite laminates. In the present study high sensitive moiré interferometry was used to obtain the full-field displacements as well as the crack tip location in ENF specimens. By using linear elastic fracture mechanics for orthotropic materials, the stress intensity factor can be determined from the relative crack surface displacements behind the crack tip. The results from the displacement matching method are compared with the conventional area method for calculating fracture toughness. It is found that stitching can increase the Mode II fracture toughness of laminated composites by a factor of 2 to 3 depending on the stitch density.
Introduction
The advantages of advanced composites made of continuous fibers in polymer matrices have been well established over the past 20 years. However, there are two major factors that limit the use of these materials: cost of manufacturing and poor through-the-thickness properties. Recent developments in textile technology and composite processing techniques seem to be promising in overcoming the first difficulty. Laminated composites usually exhibit poor interlaminar strength as well as fracture toughness, and hence easily delaminate. There are many methods to improve the out-of-plane properties. Through-the-thickness stitching (Fig. 1) is one of the ideal ways to reinforce the laminates in the thickness direction without significantly deteriorating the in-plane properties [1] . Chen et al. [2, 3] developed experimental methods for determining the Mode I fracture toughness of heavily stitched laminates. Sharma and Sankar [4, 5] studied the Mode II fracture of stitched laminates using ENF specimens. They reported difficulties in locating the crack tip as the delamination propagated with increasing loads. They used the reduction in flexural stiffness of the specimen to estimate the length of delamination. End Notched Flexure (ENF) test has been found to be the most convenient method for determining Mode II fracture toughness of laminated composites and it has been implemented by various researchers [6] [7] [8] [9] [10] [11] [12] .
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FIG. 1-Stitched laminated composite.
To fully understand the complex behavior of laminated composites with translaminar reinforcements, full-field experimental displacement analysis was performed on the microstructural scale of the materials tested in this study. To accomplish this, moiré interferometry [13] was used to document the mechanism of translaminar reinforcement, and their effects on damage tolerance. Moiré interferometry is a laser-based optical experimental stress analysis method that is capable of revealing displacements on the subwavelength scale. The moiré interferometry technique is characterized by high spatial resolution, full-field information, and ability to determine both normal and shear strains. In our setup, the virtual reference grating is 60,960 lines/in (2,400 lines/mm) and the sensitivity is 2.4 fringes/µm displacement. By measuring the relative difference of the fringe orders between two points, the relative movement or slip between two crack surfaces can be determined precisely. By plotting the displacement difference along the entire wake, the effect of stitching on the crack displacement field could be understood. Because moiré interferometry has very high spatial resolution, the location of the crack tip can be determined very accurately.
In the present study, results from linear elastic fracture mechanics of orthotropic materials are used to calculate the stress intensity factor from the relative crack surface displacements. The method can be used to determine the parent or intrinsic fracture toughness of the composite material system and the effective fracture toughness of the stitched composites. The results indicate that stitching can increase Mode II fracture toughness by a factor of 2 to 3 depending on the stitch density.
End-Notched Flexure Test
Two ENF test setups, namely, three-point bending setup and cantilever beam setup, were used to determine the Mode II fracture toughness of stitched composites. The disadvantage of the three-point bending setup is the limitation of length available for crack propagation. The maximum crack propagation length was around 1 inch (2.54 cm); therefore, it was not possible to obtain a fully developed bridging zone. To fully understand the effect of stitches, the crack should be allowed to propagate as long as possible. The farther the crack propagates, the more the stitches become involved. To accomplish this, a new test setup has been developed as shown in Fig. 3 . Using this setup, one can obtain more than 2 inches (5.1 cm) of the crack extension, which is equivalent up to 16 rows of stitches. The length of a specimen for this setup was 7 inches (17.8 cm). Due to large rotation and deflection of the specimen, it is very difficult to apply a high sensitivity moiré interferometry technique for this setup. Because the sensitivity of the moiré interferometry technique is so high, large rotation and deflection will cause the fringe pattern to become too dense to photograph. After trial and error, it was found that to successfully run this test, a PEM-I (portable experimental moiré interferometer) should have at least three adjustments: (1) it should be able to rotate up to 13 º to compensate for the rotation of a specimen (some areas of the specimen can rotate as many as 12 º during the test); (2) it should be able to move up nearly 1 inch (2.54 cm) to make sure the two laser beams cover the intended area after a specimen is deformed (two overlapped beams are needed to cause interference); and (3) it should be able to move forward and backward at least 2.5 cm (1 inch) to trace the crack tip after crack propagation. 
Methods of Analysis and Results
Two different methods were used to estimate the Mode II fracture toughness from the experimental results. The first one is the area method used in conjunction with ENF tests, which yields the average Mode II critical energy release rate. The second method is based on the crack surface displacements measured using high sensitivity moiré interferometry. While the area method gives the average G IIC over the length of crack propagation, the moiré method results in K IIC (G IIC ) at a given crack extension.
Average Strain Energy Release Rate Using Area Method
From the moiré patterns, one can accurately document the full displacement field around the crack tip as well as the exact location of the crack tip, which is the key to determine the crack extension accurately. The area method to obtain the average Mode II fracture toughness is to calculate the area under the load displacement diagram and then use the equation
where ∆U is the total energy for crack propagation determined from the load-deflection diagram and ∆A is the crack area created.
Two diagrams of the load vs. displacement of the three point bending setup are shown in Fig One can see when the load reached about 111 lbs (489 N), the slopes of the curves started to decrease indicating that the crack began to propagate. Due to crack propagation, the flexural rigidity of the specimens gradually reduces. After the load reached about 300 lbs (1334 N), the specimens were unloaded and the unloading curves were obtained. The area between loading and unloading curves represents the total energy for crack propagation. Figure 5 shows the load vs. displacement diagram by using the cantilever beam setup. The displacement diagrams of these two specimens match well. When the load reached about 40 lbs (178 N), the crack started to propagate for both specimens and the slopes of the curves began to gradually decrease. 
-Load vs. displacement diagram for the cantilever beam setup
This cantilever beam setup gave us much longer final crack lengths than that of the three-point bending setup and the maximum crack lengths of the specimens varied from 1.75 to 2.75 inches (4.5 to 7.0 cm). It is possible to obtain a fully developed bridging zone by using the cantilever beam setup and the maximum value of the effective Mode II fracture toughness (G II-eff ) can be obtained accordingly. Figure 6 presents the comparison of average critical stain energy release rates from the two different setups. The stitching density of the specimens tested by both setups was 20 stitches/in 2 (3.1 stitches/cm 2 ). The G IIC of specimens 1 and 2 using the three point bending setup is slightly lower than the G IIC of specimens 3, 4 and 5 using the cantilever beam setup. The reason is that the maximum crack extensions of specimens from the three point bending setup are much smaller than the ones from the cantilever beam setup. The more stitches involved, the more energy needed to cause crack propagation. In the cantilever beam setup, the crack was allowed to propagate longer, yielding a longer bridging zone, thus allowing stitches to act to their full potential. The G IIC of unstitched specimen was measured in a previous study [5] and was found to be around 3.4 lb/in (600 N/m). From the results presented in Fig. 6 , one can note that stitching can increase G IIC by a factor of 2.5 to 3.
Determining the Stress Intensity Factor by Using High Sensitivity Moire Interferometry Technique
Using the area method, one can only obtain the "average G IIC ". The G IIC should show variations along the interface because the reinforcement due to stitching is not uniformly distributed. To calculate the G IIC at a given crack length , one needs to measure the crack extension as well as the load precisely. Due to stable crack propagation, the load can be read from the computer attached to the load cell at any instant. Then this load was held constant and the picture of the fringe pattern was taken. From the moiré pattern, the exact location of the crack tip can be determined and hence the crack extension can be measured precisely.
Stress intensity factor for orthotropic brittle materials
For orthotropic materials under plane stress or plane strain conditions, the relationship between stresses and strains can be expressed as The crack-tip stress field for pure Mode II condition is given by [14] 
Results from moiré fringe patterns Figure 7 shows a series of moiré patterns under various loading conditions by using the threepoint bending setup. The stitching density of the tested specimens is 40 stitches/in 2 (6.2 stitches/cm 2 ) in this setup. These moiré fringe patterns give the full displacement fields. The relative displacement along the horizontal direction can be obtained from the U field while the relative displacement along the vertical direction can be obtained from the V field. The full field of shear strain distribution can be obtained from both U and V fields. As the strain is proportional to the gradient of the fringe pattern, the closer the distance to the crack tip, the denser the fringe pattern is. The location of the crack tip can be determined accurately from the discontinuity in the fringe pattern.
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FIG. 7-Crack tip location corresponding to different loads in the three-point bending setup.
In order to locate the exact position of the crack tip, a reference line was drawn on the grating by a sharp blade. This line is located inside of the stitched zone and is close to the position that separates the stitched region from the un-stitched region. One can note from Fig. 7 that when the load was 79.9 lbs (355 N), the crack tip was behind the reference line and the crack is still in the unstitched zone. As the load reached 138.9 lbs (618 N), the crack tip was ahead of the reference line and the crack propagated into the stitched zone. When the load reached 189.0 lbs (840 N), the crack tip was far ahead of the reference line, and the crack had passed through numerous stitches.
Fringe patterns from the cantilever beam setup are shown in Fig. 8 . The specimens with the stitching density of 20 stitches/in 2 (3.1 stitches/cm 2 ) were used in this setup. The reference line is right on the position that separates the stitched zone from the un-stitched zone. The stitched zone is ahead of the reference line and unstitched zone is behind the line. The crack tip was behind the reference line when the load was (31.6 lbs) (140 N) and crack tip was right on the line as the load reached 39.7 lbs (176 N) --that means 39.7 lbs (176 N) was the initial critical load for this specimen. The crack surface displacements behind the crack tip of the three point bending setup are shown in Figs. 9 and10. It may be noted that the absolute values of the upper and lower surface displacements are equal for smaller loads (Fig. 9 ), but they differ significantly as the loads reach larger values (Fig. 10) . This may be due to the asymmetry in the specimen about the delamination plane caused by stitching. One may note from Fig. 10 that it is difficult to obtain displacements very close to the crack tip (r < 0.02 in or 0.05 cm) for higher loads. This is because the strains in the vicinity of the crack tip reach much larger values causing very high fringe density, which is difficult to resolve. Nevertheless the crack-tip location can be accurately determined even for higher loads (Figs. 7 and 8 ). Figure 11 shows that the relative displacements vary significantly with the loads when the positions are away from the crack tip. However, as one moves closer the crack tip, say less than 0.04 in (1mm), the relative displacement vs. crack extension curves for two loads (79.9 lbs and 189 lbs or 355 N and 841 N) coalesce (Fig. 11 ). An expression for crack surface displacements u(r) can be obtained by substituting θ=+π or -π in the expression for u displacements in Eq. (3d). Then the relative crack surface displacements can be derived from Eq. (3d) as:
where µ depends on the orthotropic elastic constants. Then the stress intensity factor can be derived as
Equation (6) can be written as ) (
where can be readily recognized by comparing Eqs. (6) 
The value of was calculated for two different specimens and they are plotted in Fig.  12 . The following are the material properties of the specimens used in both setups. The stitch density and the load at which the calculations were made are indicated in Fig. 12 . By extrapolating the curve to r=0, one can estimate the fracture toughness using Eq. (8) . Since the crack has been under propagation at these load levels, the value of G estimated can be taken as the fracture toughness
. The values are given in Table 1 . From the results one can note that the average G is about 3.6 lb/in (630 N/m), which is very close to the value of 3.4 lb/in (600 N/m) measured by Sharma and Sankar [5] for unstitched graphite/epoxy laminates. The results demonstrate that the crack tip actually propagates when the energy release rate reaches the value of fracture toughness of the material system. This fact will be useful in creating analytical and numerical models for Mode II delamination propagation of stitched composite laminates, e.g. [6] .
IIC
As the crack propagates through the stitched zone, the crack tip stress field changes significantly. The crack surface displacements cannot be interpreted in the same manner as before. The moiré interferometry results for crack surface displacements u(r) obtained in this study for various stitched specimens would be of significant value in developing analytical and numerical models for delamination propagation in stitched specimens and in predicting the effective Mode II fracture toughness values presented in Fig. 6 .
Conclusions
Moire interferometry was used to determine the displacement field in a stitched graphite/epoxy ENF specimen. From the moiré fringe patterns the relative crack surface displacements behind the crack tip were determined. The Mode II stress intensity factor was estimated using the linear elastic fracture mechanics theory for orthotropic materials. Another estimate of fracture toughness was obtained using the area method, which provides only an average value over a certain crack extension. The high sensitive moiré method was also used to determine the exact position of the crack tip in Mode II fracture tests. Stitching is found to increase the effective fracture toughness by factors of 2 to 3 for stitch densities of 20 and 40 stitches/in 2 (3.1 and 6.2 stitches/cm 2 ). However the crack seems to propagate, when the stress intensity factor (energy release rate) as seen by the crack tip reaches the critical stress intensity factor (fracture toughness) for the parent (unstitched) material system.
The following equations for an orthotropic medium can be found in Ref. [14] . They are presented here for the convenience of readers as well as for the purpose of introducing the variables required for the discussion. The strain-stress relations for a plane orthotropic medium are given in Eq. (2). The governing differential equation for orthotropic materials can be derived in terms of the stress function U(x y) as The stress and displacements components can be expressed as [14] 
